Vesicular stomatitis virus (VSV) is a prototypic negative sense single-stranded RNA virus. The bullet-shape appearance of the virion results from tightly wound helical turns of the nucleoprotein encapsidated RNA template (N-RNA) around a central cavity. Transcription and replication require polymerase complexes, which include a catalytic subunit L and a template-binding subunit P. L and P are inferred to be in the cavity, however lacking direct observation, their exact position has remained unclear. Using super-resolution fluorescence imaging and atomic force microscopy (AFM) on single VSV virions, we show that L and P are packaged asymmetrically towards the blunt end of the virus. The number of L and P proteins varies between individual virions and they occupy 57 ± 12 nm of the 150 nm central cavity of the virus. Our finding positions the polymerases at the opposite end of the genome with respect to the only transcriptional promoter.
Introduction
Vesicular stomatitis virus (VSV) possesses a single-stranded negative sense RNA genome and is the prototypic model for understanding transcription and replication of potent human pathogens including Ebola and rabies. VSV is also an effective oncolytic agent since some attenuated VSV strains replicate preferentially in malignant cells [1] . Taken together, VSV is emerging as a useful model and potent tool in the arsenal of modern medicine.
VSV virions are 180 nm long and 80 nm wide and resemble a bullet with one tapered and one blunt end. The VSV genome is tightly encapsidated by nucleoprotein (N), forming the N-RNA genome template. Recent CryoEM studies showed N-RNA forms a left-handed helix that winds around a cavity, with the 3 0 end at the tapered end and the 5 0 end at the blunt end [2] [3] [4] (please see corrections to ref 5 for the correct RNA orientation). Like all other non-segmented negative sense (NNS) RNA viruses, VSV packages multiple copies of a polymerase that consists of the L protein catalytic subunit (241 kDa) and a template-binding P protein subunit (30 kDa) . The polymerases transcribe and replicate the N-RNA genome by engaging at promoter sites at or near the 3 0 end of the genome template [5] .
On average $50 L and $400 P proteins are packaged within each virion [6] . The position of the L and P proteins within the bullet shaped virion has not been established previously. L organizes itself into a ring structure with an approximate diameter of 10 nm and does not bind the template by itself [7] [8] [9] . P proteins form dimers through their central domains and also bind L and the N-RNA template [8, 10, 11] . In recent CryoEM studies of VSV [3] , either symmetry mismatches between the N-RNA helix, L and P, or random positioning of L and P, resulted in averaging out of the L and P density within the central cavity of VSV. Therefore to resolve the position of L and P, single virion imaging techniques with sufficiently high resolution are required.
While the resolution of simultaneously imaged multiple fluorophores is limited by diffraction, the position of a single fluorescent 0006 molecule can be localized with nanometer precision. The precision of localization is inversely proportional to the square root of the number of photons collected from the single molecule [12] . It is therefore possible to reconstruct an image by successively photoactivating subsets of molecules that are further apart from each other than the diffraction limit and localizing their positions with nanometer precision. This principle was developed in photoactivatable localization microscopy (PALM, [13] ) fluorescence photoactivatable localization microscopy (fPALM, [14] ) and stochastic optical reconstruction microscopy (STORM, [15] ) to achieve in plane resolutions of $20 nm. The axial resolution of these techniques can be extended either through introduction of astigmatism associated with the out of plane images [16] or using Biplane imaging [17] both of which report an axial resolution of $50 nm.
Although fluorescence is specific, it does not report the density of unlabeled protein molecules. Atomic force microscopy (AFM) is sensitive to the overall protein density, via changes in the mechanical properties of the sample: the protein density within an object can be probed by measuring the deformation of a sample in response to a force applied by the AFM cantilever. AFM has been used in this way to measure the stiffness of single virions [18] [19] [20] . In general, the non-enveloped viruses are very stiff with a Young's modulus in the range of GPa [20] while the enveloped viruses can be an order of magnitude softer in the range of 100 MPa [18] .
Since the N-RNA is packaged with specific orientation of its 5 0 end at the blunt end of the virion [3] and since the polymerases can only engage a promoter at the 3 0 end [21, 22] , positioning of the polymerases within the bullet will inform our understanding of the early transcription of the N-RNA genome immediately upon delivery to the host cytoplasm and to some extent the final moments of packaging the genome in budding virions.
Materials and methods

Super-resolution imaging and fluorescence localization
Images were recorded with a SR 200 microscope (Vutara, Inc.) based on the Biplane approach [17] . The envelope of VSV virions was mapped by labeling $75% of the VSV-G protein on the exterior of the virion with Alexa-Fluor Ò 647 (Invitrogen A21245). Alexa fluorophores can be efficiently initialized to their dark state in imaging buffer [SI] and can then be photo-activated through application of 405 nm UV light. This method was used to generate the viral envelopes shown in Figs. 1 and 2 .
To locate the internal proteins within individual virions, we used recombinant viruses encoding enhanced Green Fluorescent Protein (eGFP) linked to the viral proteins P or L. In these recombinant viruses, all of the P or L proteins are respectively replaced by P linked to eGFP (eGFP-P) or eGFP linked to L (L-eGFP) and these viruses have been previously characterized [23, 24] . The center of mass of the eGFP labeled proteins was determined in each virion and its relative distance to the center of the high resolution envelope was measured. The eGFP proteins associated with these internal proteins were not photoswitched, rather their total fluorescence intensity and the position of their center of fluorescence with respect to the center of the envelope was determined.
Excitation and activation of single fluorescent molecules was achieved via a speckle-free illumination with an even intensity distribution, which was realized by a specialized beam homogenizer. Two color channels were detected sequentially at 50 frames/s. eGFP data was collected first over 500 frames at 30% power (1.2 kW/cm 2 ), then Alexa 647 was collected over 15,000 frames at 100% power (4 kW/cm 2 ). Data analysis was performed using the Vutara SRX software (Version 4.01).
Validation of super-resolution imaging method
First we have validated the resolution of the Biplane microscope by imaging beads on the microscope for 1000 imaging frames with an average fluorescence signal of 500 photons (comparable to our sample fluorescence). The analysis of this data as shown in detail in (SI) shows that we can localize these beads with less than 10 nm precision in XY and 25 nm precision along the optical axis. Resolution of the microscope is defined by the full width half maximum analysis and is 20 nm in plane and 50 nm along the optical axis.
Since the VSV G proteins are uniformly distributed on the surface of the envelope, we used them for our control experiments. VSV virions were pseudotyped with eGFP linked to the C terminus of VSV G protein (SI). Since virions are assembled on different cells within the population with varying levels of expression of VSV G-eGFP expression, the collected virions have a distribution of G-eGFP incorporation between virions. Each virion incorporates 1200 copies of G independent of whether the G has a GFP tag or not and G proteins are uniformly distributed on the surface of each virion [6] . We expect that the center of fluorescence of G-eGFP to We also verified this method on HIV virions. HIV forms spherical virions with a diameter of 120-150 nm [25] . The membrane of these virions is coated internally with a lattice of Gag proteins as observed through CyoEM. The Gag lattice is uniformly distributed inside the virions with the exception of a few gaps [26] , therefore we expect that the center of mass of Gag be very close to the center of the virion, if not exactly on the center of virions due to the possible empty patches. We verified our super-resolution fluorescence imaging method on HIV Virus Like Particles (VLPs) pseudotyped with VSV G which incorporated Gag-eGFP proteins (SI). G proteins were labeled with Alexa 647 tagged antibodies to mark the envelope of the VLP and 12 HIV virions pseudotyped with G incorporating Gag-eGFP showed that the center of the virion co localized with the center of the Gag signal to within 12 nm precision as shown in (SI).
AFM materials and methods
We used atomic force microscopy (AFM) for iso-force scans across the surface of several virions. The AFM (Asylum Research MFP-3D in a dark environmental chamber) consists of a pyramidal gold-coated tip (radius of curvature ' 20 nm; height ' 10 lm) attached to the underside of a pliable cantilever (force constant ' 3 N/m; length = 200 lm), a piezoelectrically actuated sample scanner (<1 nm precision), and associated digital control and data acquisition electronics. On stiff samples, the AFM cantilever bends easily to accommodate changes in the sample height, so the path of the tip faithfully reports sample topography. When the sample is more pliant than the cantilever, the sample will deform under the force of the tip, so the height signal becomes more indicative of the sample's stiffness rather than its topography, therefore, the height signal provides an isoforce map of the sample surface rather than a true topographical map.
Results
Super-resolution fluorescence imaging shows P and L are localized at the blunt end of VSV
To measure the center of mass of P and L proteins within the virus, we used recombinant viruses encoding enhanced Green Fluorescent Protein (eGFP) linked to the viral proteins P or L. In these recombinant viruses, all of the P or L proteins are respectively replaced by P linked to eGFP (eGFP-P) or eGFP linked to L (L-eGFP) and these viruses have been previously characterized [23, 24] . VSV:L-eGFP is temperature sensitive, replicates in 32°C and packages 1/3 of the wild type levels of the polymerase L. VSV:GFP-P grows at 37°C to a lower titer than WT and packages half the L and P proteins when compared to WT virus. These fluorescent viruses although imperfect, allow localization of their L and P. Later, we will examine the effect of protein density on localization by comparing these viruses to WT using AFM.
The total fluorescence intensity detected from the virions is directly proportional to the copy number of packaged eGFP linked proteins; however, it cannot be used as an absolute measure of the copy number due to fluorescence quenching at high concentrations. More importantly for this work, the center of fluorescence of the eGFP pinpoints the center of mass of the L or P protein distributions, which can be determined with $10 nm precision [12] .
For all 15 VSV:eGFP-P virions measured, the eGFP-P center of fluorescence was located toward the blunt end of the virion. We observed a 30% variation in the total fluorescence between individual virions of VSV:eGFP-P, which represents variations in the number of P-eGFP packaged. The average fluorescence signal for 15 virions was 1233 ± 351 photons. As shown in Fig. 2D , virions with fewer eGFP-P copies showed the largest displacement of the eGFP localization with respect to the center of the virion, while virions with the maximum number of eGFP-P copies had almost no displacement. The linear relationship between the displacement and the number of packaged eGFP-P molecules shown in Fig. 2D indicates a constant packing density of P proteins as they fill the cavity starting from the blunt end. In average the center of mass of the P-eGFP was displaced from the center of the virion by a distance of 50 ± 21 nm.
Because P proteins associate with L, we next measured the distribution of L. We also found variation in the fluorescence signal between individual VSV:L-eGFP virions of 461 ± 202 photons. Furthermore, as with the eGFP-P, we observed a linear relationship between the L-eGFP fluorescence intensity and the displacement of the fluorescence center from the virus center as shown in Fig. 2F . Again, this indicates uniform packaging of L-eGFP proteins at the blunt end of the virus. The average center of fluorescence for 20 VSV:L-eGFP virions was located 46 ± 22 nm from the geometric center of the virus toward the blunt end. We conclude that P and L package asymmetrically the same volume at the blunt end of VSV.
Note that neither VSV:eGFP-P nor VSV:L-eGFP package wild type levels of L and P (see below), so the fluorescent measurements cannot be used to estimate either the density or the exact length of the volume in which L and P package in wild type virions.
AFM reveals protein density at the blunt end of VSV
We next used a fluorescence-free assay both to corroborate the above results and to estimate the size of the volume occupied by L and P proteins within wild type virions. Any variation in the protein density along the length of a virus particle should lead to a change in its mechanical properties, specifically its stiffness. Stiffness of the envelopes viruses [18] is almost an order of magnitude less than non-enveloped viruses like bacteriophage [20] or adenovirus [27] . The proteins associated with the envelope of VSV (G, M and N) have a symmetric helical organization [3] , therefore, the AFM tip can deform the envelope and probe the stiffness of the underlying structure which should have no variance along the central axis of the virus. Internal proteins and genomic structure of the viruses have direct effects on their mechanical properties, as shown previously for DNA binding within the capsid of parvovirus of mice [28] and maturation of HIV virions [18, 29] . We hypothesized that the virus should be stiffer at the blunt end due to the presence of an over density of P and L proteins there. Using a relatively stiff cantilever with tapping-mode AFM under ambient conditions, we performed an iso-force scan of the virions tethered on glass surfaces as explained in the methods. The stiffness measurements rely on using the AFM probe as a force sensor. In particular for soft samples, the probe depresses the surface, and the degree of depression is related to the stiffness of the sample relative to the spring constant of the AFM cantilever (SI). We were able to press considerably into the virus and detected an increase in the height of the virus at the blunt end. Since the scans are iso-force, the increase in height indicates an increase in stiffness from extra protein density at the blunt end. AFM was able to resolve the asymmetric bullet shape of the virions, thus placing the region of elevated stiffness at the blunt end ( Fig. 3 and SI) .
As shown in Fig. 3 , we observed virions with 180 Â 80 nm bullet shapes, each with recognizable tapered and blunt ends distinguished by analyzing the AFM cross sections (SI). During AFM scans, the tip locally compresses the virions to a height of $30 nm due to deformation of the soft viral envelope, but the measured widths ($100 nm) accurately reflect the true diameter of the virions with a 20 nm convolution. This demonstrates that the virions were not ''pancaked'' onto the substrate due to surface interactions or dehydration. This was confirmed by increasing the force and pushing the virus into the non-elastic region which resulted in fully deformed virions (data not shown).
For all wild type virions measured, there was a region at the blunt end that exhibited less depression (higher stiffness) compared to the rest of the virus, as shown in green. This region extended 57 ± 12 nm in length from the blunt end, obtained from a sample of 50 wild type viruses.
Detected density at the blunt end of the virus correlates with the amount of P and L packaged
Recombinant VSV:eGFP-P viruses exhibit slower than wild type growth kinetics and package about half the number of P and L proteins compared to the wild type. Their bullet-shaped morphology is, however, indistinguishable from the wild type when viewed in EM [23, 30] . For 30 VSV:eGFP-P virions, the region of higher stiffness extended 68 ± 21 nm, but the magnitude of elevated stiffness was much lower compared to wild type, as shown in Fig. 3 . These results suggest that VSV:eGFP-P forms a protein complex of lower density compared to the wild type. A GFP-labeled P cannot package as densely as wild type because eGFP likely sterically hinders packaging. This may explain why the eGFP-P virions have a volume with lower stiffness than wild type that nonetheless extends significantly within the cavity.
VSV:L-eGFP viruses are only partially functional, package only about a third as much L as wild type (but normal amounts of P), and do not transcribe their RNA in vitro. They do, however, replicate well at 32°C and form VSV virions with the correct morphology [24] . Increased stiffness at the blunt end of VSV:L-eGFP was almost undetectable via AFM, consistent with a much lower density volume of polymerase complexes compared to wild type.
Discussion
Using high-resolution fluorescence imaging and center of mass calculations on recombinant viruses in which all wild type L or P proteins were genetically replaced with GFP linked fusion proteins of L and P, we show asymmetric packaging of the polymerase complex of VSV at its blunt end. L and P packaged within the blunt end of the virus create a region of higher stiffness within the blunt end of the virus. We measured this region of higher stiffness using AFM and in WT virions report its average length at 57 nm with a variation of ±12 nm among virions. This variation reflects the variable number of L and P packaged in each virion as also measured with fluorescence and shown in Fig. 2 .
The present study has focused on identifying the position of the polymerases within the cavity of VSV which resulted in identifying the asymmetric distribution of polymerases at the blunt end of the virus. Transcription of the virion N-RNA is the first step required for virus multiplication after entry into the host cytosol, and this can only initiate at or near the 3 0 end [21, 22] . Recent CryoEM studies showed the N-RNA winds around a cavity in a left-handed helix, starting with its 3 0 end at the virus's tapered end and culminating with the 5 0 end at the blunt end of the virus [2, 3] . Based on our observations, the polymerases are therefore stacked at the 5 0 end of the genome rather than at the 3 0 end where the transcriptional promoter is located. We envision two ways in which the polymerase units can reach the 3 0 transcriptional promoter. In the first model, we hypothesize it would be possible to start transcription through formation of an N-RNA template loop that brings the 3 0 end of the genome close to the 5 0 end of the N-RNA where the polymerases are located. Such N-RNA loops have been identified in the cytoplasm of cells infected with VSV before [31] . The observed asymmetry of the polymerase localization along the genome however cannot rule out the traditional model of transcription in which L-P x complexes dissociate from the N-RNA and re-engage the promoter at the 3 0 end. 
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Materials and Methods
Super
Virus preparation
Plaque purified VSV:eGFP-P (37C) and VSV:L-eGFP (32C) were grown and purified according to the following protocol: 90% Confluent BHK-21 cells were inoculated with VSV at an MOI of 3 in DMEM containing 2% FBS, 1X PKS and 10mM HEPES (pH 7.4). The medium was extracted the next day and cell debris was removed by centrifugation at 3000 rpm for 5min. After the spin the supernatant was filter clarified through a 0.4 µm filter to remove any additional cellular debris resulting from cell lysis. Virus was then pelleted by centrifugation at 40,000 x g for 90 minutes @ 4°C.Virus pallet was re-suspended in NTE (10 mM Tris pH 7.4, 100 mM NaCl, 66 mM EDTA) on ice overnight. This solution was further purified through pelleting through a 10% sucrose cushion spin at 157,000 x g for 1h @ 4°C. The virus pellet was re-suspended in NTE on ice overnight. This solution was further purified through a 15%-45% Sucrose gradient spin at 79,000 x g for 3.5hrs. The virus was extracted at the boundary of the 45% sucrose using a syringe. The final virus prep was dialyzed against NTE overnight to dilute the extra sucrose.
HIV-1 VLP Purification
HIV-1 VLPs pseudotyped with VSV-G were produced in 293T cells (3×10^6 cells in 100 mm plates) by co-transfection (Fugene-HD, Roche) of the following plasmids: 7.5 µg of HIV-1 Gag (11-071), 1.5 µg HIV-1 Gag-eGFP (11-075) and 2.4 µg VSV-G (11-041). The medium was replaced 8 hours after transfection, and the supernatant was harvested 32 hours later and syringefiltered through 0.45 µm membranes. VLPs were collected by pelleting 5 mL of the filtered medium through a 1 ml 20% sucrose in PBS cushion (centrifuge, 4°C, 2 hour, 40,000 RPM). The supernatant was removed and the pellet was re-suspended in 500 µL NTE (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA). To remove residual sucrose before imaging, the virus sample was treated by dialysis (Slide-A-Lyzer, mini dialysis unit; 10,000 MWCO, Thermo Scientific) at 4°C against NTE plus 10 mM HEPES.
VSV:G-eGFP Preparation
293 cells were plated a day before experiments and transfected using (Fugene-HD, Roche) with VSVG-eGFP plasmid. Cells were then infected with VSV WT 12hr post transfection with an MOI of 3. Supernatant was collected 24 Hrs post infection and VSV virions were purified as described under virus preparation. This was typically seen in that both the green and red channels have an obvious particle to consider. This was to eliminate non-virion particles as a virion should have both signals. 3) Virions had to have 70% or more of the frames in the eGFP data capture with a signal above 70% confidence. 4) Virions had to have 500 or more unique Alexa 647 particles as determined above. This was to ensure the virion had enough data to properly recover the surface via isosurfacing 5) Virions with grossly abnormal sizes (200% larger than expected in any dimension) were eliminated from consideration. This typically eliminated virions that may have had too much surfactant nearby, which distorted the antibody labeling.
Imaging buffer preparation
eGFP and photo-bleaching calibration
Even though eGFP data was collected for 500 frames, it was found that the eGFP signals typically bleached during this collection. So, for all virions that were selected, the first 50 frames were utilized where the variation due to photo-bleaching was minimized. The data for those 50 frames were fit to a linear function and corrected for photo-bleaching by adding the slope for intensity over time back into the intensities.
Data analysis and normalization methodologies
After selection, all eGFP signals were rotated such that the center of fluorescence for the fluorescence of the eGFP points and the center of fluorescence of the Alexa 647 points lay along the X axis using an e iθ rotation about the Alexa647 center of fluorescence as a pivot point. All virions were rotated such that the eGFP was to the right of the Alexa647. This rotation demonstrated that the offset existed along the principal axis of the virion and that each of the three virion types had differing average offsets. The histogram distribution of VSV eGFP-P intensity as well as VSV L-eGFP is presented in Figures S2&3 
Super resolution control experiments
Bead data was used to determine the accuracy of the Biplane as shown below. The precision of localization is inversely proportional to the square root of the collected photon counts. The laser intensity was lowered on the bead samples such that the beads were matched to the typical photon count from the Alexa 647 in order to demonstrate our resolution. Below we present two sets of data, one where the photon counts are around 2000 and a lower bound where the photon counts are around 500.
Bead 1 Statistical Analysis to determine fPALM/STORM xyz localization precision on the SR-200 super-resolution microscope. For all the bead particles captured in the images, the x, y and z position was computed through localization analysis. The data from these 1000 localizations is presented for a representative bead in Figure S1 . For each bead, statistical analysis was performed to determine the standard deviation of the positions over 1000 frames. Similar analysis was performed for all five beads and the results tabulated in Table S1 .
We also performed mean and standard deviation statistical analysis on the individual 1000 positions obtained for seven beads, each intensity approximately equivalent to 2000 photons, in order to match our standard case. The mean and standard deviation (which is defined as the localization accuracy) was computed and tabulated below.
HIV co-localization control experiment
To confirm our ability to determine co-localization of eGFP signal within a viral envelope, we tested VSV-G pseudotyped HIV virus-like particles (VLP), in which a portion of HIV-Gag is tagged with eGFP. To image HIV VLPs, the same protocols for VSV experiments were used. For HIV VLPs, both Gag and VSV-G should be evenly distributed within the envelope and the signals are expected to co-localize. We observed a small shift of 12 nm ± 6 nm which was within our 20nm positional uncertainty (Table S2) . When comparing the intensity to the offset, we see that there was a low correlation between offset and intensity (Fig. S4) . 
AFM Materials and Methods
AFM information
Blunt end versus Tip identification.
AFM data is captured using an isoforce method maintaining the virion in an elastic region as shown in Figure S6 . These scans were used to deconvolve the virion surface based on the numerical deconvolution [1] [2] [3] [4] .
Identification of the tapered end vs. blunt end of VSV virions in both wild-type (WT) and PeGFP mutants was accomplished by analyzing the curvature of the deconvolved scans, these curvatures showed a clear prolate region identifying the tip of the virion. We determined this by considering only the top half of the normalized curves in order to calculate ellipticity, all curves were fit with a sixth power polynomial function (with R 2 > 0.999 in all cases), and these fits can be categorized into two distinct groups of prolate (where the first plateau > 40nm) or oblate (where the first plateau < 40nm) ellipsoidal topology. In this idealized model, we note that the traditional rounded tip of VSV is described as prolate, while the blunt end can be described as oblate.
The bump region within the viruses (which is the plateau region corresponding to the volume occupied by L and P) is clearly separated from the plateau region corresponding to the empty helical region of the virus. On the virion shown in the Figure S6 B, the main body plateau standard deviation of height is 0.21 nm from a linear average, with a bump height of 1.56 nm above the main body. On average, across all virions, the standard deviation of height in the main body plateau is 0.83nm with an average height difference of 5.5nm. Thus the separation of these two plateaus are several standard deviations in height (typically ~7). clearly identifying these regions on the WT and P-eGFP virions. 
